We propose a novel combination of methods that (i) portrays quantitative characteristics of a DNA sequence as an image, (ii) computes distances between these images, and (iii) uses these distances to output a map wherein each sequence is a point in a common Euclidean space. In the resulting Molecular Distance Map each point signifies a DNA sequence, and the geometric distance between any two points reflects the degree of relatedness between the corresponding sequences and species.
Introduction
In 2012 alone, biologists described between 16,000 and 20,000 new species [27] . Recent findings, [28] , suggest that as many as 86% of existing species on Earth and 91% of species in the oceans have not yet been classified and catalogued. It is thus imperative to find a comprehensive, quantitative, generalpurpose method to reliably identify the relationships among the 1.2 million species that have already been catalogued, [28] , as well as the vastly larger numbers of those that have not.
We propose a combination of three techniques to efficiently measure distances between DNA sequences, and to simultaneously visualize the relation-ships among all the DNA sequences within any given dataset. The result of applying this method to a collection of DNA sequences is a Molecular Distance Map that allows the visualization of the sequences as points in a common two-dimensional Euclidean space, wherein the geometric distance between any two points reflects the differences in composition between all the subsequences of the two sequences. The proposed method is based on the Chaos Game Representation (CGR) of DNA sequences, [18, 19] , a genomic signature that has a remarkable ability to differentiate between genetic sequences belonging to different species, see Figure 1 . Due to this characteristic, a Molecular Distance Map of a collection of genetic sequences allows the inferrence of relationships between the corresponding species.
Concretely, to compute and visually display relationships between DNA sequences in a given set S = {s 1 , s 2 , ..., s n } of n DNA sequences, we propose the following combination of three techniques:
• Chaos Game Representation (CGR) to deterministically represent each DNA sequence s i , 1 ≤ i ≤ n, as a two-dimensional black-and-white image denoted by c i ;
• Structural Dissimilarity Index (DSSIM), an image-distance measure, to compute the distances ∆(i, j), 1 ≤ i, j ≤ n, between pairs of CGR images (c i , c j ), and produce a distance matrix;
• Multi-Dimensional Scaling (MDS), applied to the distance matrix to produce a map in the Euclidean space wherein each plotted point p i with coordinates (x i , y i ) represents the DNA sequence s i whose CGR image is c i . The position of the point p i in the map, relative to all the other points p j , reflects the distances between the DNA sequence s i and the DNA sequences s j in the dataset.
The combination of CGR, DSSIM, and MDS applied to any given set of genetic sequences yields a Molecular Distance Map which visually illustrates the quantitative relationships and patterns of proximities among the given genetic sequences and, accordingly, among the species they represent.
Besides presenting compelling visual pictures of the relatedness between species as seen in, e.g., Figure 2 , there are several advantages of our proposed method over other methods in computational phylogenetics.
Advantages over alignment-based methods include the fact that our method allows comparison between any two DNA sequences. In particular, it allows comparisons within the genome of an individual, across genomes within a single species, between genomes within a taxonomic category, and across taxa, while also allowing the use of completely different portions of the genomes for comparison. In addition, sequence alignment analyses use only a limited aspect of the compared sequences, namely the identity of characters at each position, whereas our method is based on significantly more information by simultaneously comparing all subsequences of the given sequences. Lastly, in our method, computing distances between different sequences is completely automatized and does not required manual intervention or calibration.
An advantage over phylogenetic trees [22] pertains to the fact that, in a phylogenetic tree, adjacency of two species-representing leaves is not always meaningful since one can rotate branches about the nodes of the tree. In contrast, in a Molecular Distance Map the distance on the plane between any two speciesrepresenting points has a concrete and fixed meaning. Furthermore, our DSSIM distance matrices can be used, [7] , to calculate phylogenetic trees in addition to Molecular Distance Maps.
Advantages over DNA barcodes [11] and Klee diagrams [36] include the fact that Molecular Distance Maps are not alignment-based, and that they are applicable to cases where barcodes may have limited effectiveness: Plants and fungi for which different barcoding regions have to be used [20] , [15] , [34] ; protists where multiple loci are generally needed to distinguish between species [14] ; prokaryotes [38] ; and artificial, computer-generated, DNA sequences.
Finally, our proposed approach addresses the need for a visual representation of species relatedness that is easily interpretable, as well as capable of including a vast amount of data rather than selective or regional datasets.
Methods
A CGR is a genomic signature that utilizes all subsequence composition structures of DNA sequences, and is genome and species specific, [18, 19, 12, 13, 6, 5, 40] . The sequences chosen from each genome as a basis for computing "distances" between species do not need to have any relation with one another from the point of view of their position or information content. A CGR [18, 19] associates an image to each DNA sequence as follows: Starting from a unit square with vertices labelled A, C, G, and T, and the center of the square as the starting point, the image is obtained by successively plotting each nucleotide as the middle point between the current point and the vertex labelled by the nucleotide to be plotted. If the generated square has a resolution of 2 k × 2 k pixels, then every pixel represents a distinct DNA initial subsequence of length k; a pixel is black if the subsequence it represents occurs in the DNA sequence, otherwise it is white. In general 4,000 bp are necessary for a sharply defined image, but in many cases 2,000 bp give a reasonably good approximation, [18] . CGR images of genetic DNA sequences originating from various species show interesting patterns such as squares, parallel lines, rectangles, triangles, and also complex fractal patterns, Figure 1 .
Other visualizations of genetic data have been proposed, such as the 2D rectangular walk [8] and methods similar to it in [29] , [23] , vector walk [25] , cell [43] , vertical vector [44] , Huffman coding [32] , and colorsquare [47] methods. Three-dimensional representations of DNA sequences include the tetrahedron [33] , 3D-vector [46] , and trinucleotide curve [45] methods. Among these visualization methods, CGR images arguably provide the most immediately comprehensible "signature" of a DNA sequence and a desirable genome-specificity, [18, 5] . In addition, the DNA representing black-and-white images produced by the CGR method are easy to compare, both visually and computationally.
Structural Similarity (SSIM) index is an image similarity index used in the context of image processing and computer vision to compare two blackand-white images from the point of view of their structural similarities [42] . SSIM combines three parameters -luminance distortion, contrast distortion, and linear correlation -and was designed to perform similarly to the human visual system, which is highly adapted to extract structural information. Originally, SSIM was defined as a similarity measure s(A, B) whose theoretical range between two images A and B is [−1, 1] where a high value amounts to close relatedness. We use a related DSSIM distance
, with the distance being 0 between two identical images, 1 between e.g. a black image and a white image, and 2 if the two images are negatively correlated; that is, ∆(A, B) = 2 if and only if every pixel of image A has the inverted value of the corresponding pixel in image B while both images have the same luminance (brightness). For our particular dataset of genetic CGR images, all distances ranged between 0 and 1.
MDS has been used for the visualization of data relatedness based on distance matrices in various fields such as cognitive science, information science, psychometrics, marketing, ecology, social science, and other areas of study [2] . MDS takes as input a distance matrix containing the pairwise distances between n given items and outputs a two-dimensional map wherein each item is represented by a point, and the geometric distances between points reflect the distances between the corresponding items in the distance matrix. Two notable examples of molecular biology studies that used MDS are [24] (where it was used for the analysis of geographic genetic distributions of some natural populations) and [11] (where it was used to provide a graphical summary of the distances among CO1 genes from various species).
Classical MDS, which we use in this paper, receives as input an n × n distance matrix (∆(i, j)) 1≤i,j≤n of the pairwise distances between any two items in the set. The output of classical MDS consists of n points in a q-dimensional space whose pairwise Euclidean distances are a linear function of the distances between the corresponding items in the input distance matrix. More precisely, MDS will return n points , j) ) for all i, j ∈ {1, . . . , n} where d(i, j) is the Euclidean distance between the points p i and p j , and f is a function linear in ∆(i, j). Here, q can be at most n − 1 and the points are recovered from the eigenvalues and eigenvectors of the input n × n distance matrix. If we choose q = 2 (respectively q = 3), the result of classic MDS is an approximation of the original (n − 1)-dimensional space as a two-(respectively three-) dimensional map.
In this paper all Molecular Distance Maps consist of coloured points, wherein each point represents an mtDNA sequence from the dataset. Each mtDNA sequence is assigned a unique numerical identifier retained in all analyses, e.g., #1321 is the identifier for the Homo sapiens sapiens mitochondrial genome. The colour assigned to a sequence-point may however vary from map to map, and it depends on the taxon assigned to the point in a particular Molecular Distance Map. For consistency, all maps are scaled so that the x-and the y-coordinates always span the interval [−1, 1]. The formula used for scaling is x sca = 2 · (
where x min and x max are the minimum and maximum of the x-coordinates of all the points in the original map, and similarly for y min and y max .
Each Molecular Distance Map has some error, that is, the Euclidean distances d i,j are not exactly the same as f (∆(i, j)). When using the same dataset, the error is in general lower for an MDS map in a higher-dimensional space. The Stress-1 (Kruskal stress, [21] ), is defined in our case as
where the summations extend over all the sequences considered for a given map, and f (∆(i, j)) = a × ∆(i, j) + b is a linear function whose parameters a, b ∈ R are determined by linear regression for each dataset and corresponding Molecular Distance Map. A benchmark that is often used to assess MDS results is that Stress-1 should be in the range [0, 0.20], see [21] . The dataset consists of the entire collection of complete mitochondrial DNA sequences from NCBI as of 12 July, 2012. This dataset consists of 3,176 complete mtDNA sequences, namely 79 protists, 111 fungi, 283 plants, and 2,703 animals. This collection of mitochondrial genomes has a great breadth of species across taxonomic categories and great depth of species coverage in certain taxonomic categories. For example, we compare sequences at every rank of taxonomy, with some pairs being different at as high as the (super)kingdom level, and some pairs of sequences being from the exact same species, as in the case of Silene conica for which our dataset contains the sequences of 140 different mitochondrial chromosomes [37] . The prokaryotic origins and evolutionary history of mitochondrial genomes have long been ex-tensively studied, which will allow comparison of our results with both phylogenetic trees and barcodes. Lastly, this genome dataset permits testing of both recent and deep rooted species relationships, providing fine resolution of species differences.
An example of the CGR/DSSIM/MDS approach is the Molecular Distance Map in Figure 2 which depicts the complete mitochondrial DNA sequences of all 1,791 jawed vertebrates in our dataset. In the legends of Figures 2-7 , the number of represented mtDNA sequences in each category is listed in paranthesis after the category name. All five different subphyla of jawed vertebrates are separated in non-overlapping clusters, with very few exceptions. Examples of fish species mixed with amphibians include Polypterus ornatipinnis (#3125, ornate bichir), Polypterus senegalus (#2868, Senegal bichir), both with primitive pairs of lungs; Erpetoichthys calabaricus (#2745, snakefish) who can breathe atmospheric air using a pair of lungs; and Porichtys myriaster (#2483, specklefish midshipman) a toadfish of the order Batrachoidiformes. It is noteworthy that the question of whether species of the Polypterus genus are fish or amphibians has been discussed extensively for hundreds of years [10] . Interestingly, all four represented lungfish (a.k.a. salamanderfish), are mixed with the amphibians: Protopterus aethiopicus (#873, marbled lungfish), Lepidosiren paradoxa (#2910, South American lungfish), Neoceratodus forsteri (#2957, Australian lungfish), Protopterus doloi (#3119, spotted African lungfish).
The creation of the datasets, acquisition of data from NCBI's GenBank, generation of the CGR images, calculation of the distance matrix, and calculation of the Molecular Distance Maps using MDS, were all done with the free open-source MATLAB program OpenMDM [4] . This program makes use of an open source MATLAB program for SSIM written by Z.Wang [41] , and MATLAB's built-in MDS function 6 .
Results and Discussion
We applied our method to visualize all available complete mtDNA sequences from three classes, Amphibia, Insecta and Mammalia, in Figure 3 . On a finer scale, we applied this method to observe relationships within a class: class Amphibia and three of its orders in Figure 4 , and class Insecta grouped in nine categories in Figure 5 . Note that a feature of MDS is that the points p i are not unique. Indeed, one can translate or rotate a map without affecting the pairwise Euclidean distances d(i, j) = ||p i − p j ||.
In addition, the obtained points in an MDS map may change coordinates when more data items are added to or removed from the dataset. This is because the output of the MDS aims to preserve only the pairwise Euclidean distances between points, and this can be achieved even when some of the points change their coordinates. In particular, while the position within a taxonomic category may be correctly preserved, the (x, y) coordinates of a point representing an amphibian species in the amphibians-insectsmammals map ( Figure 3 ) will not necessarily be the same as the (x, y) coordinates of the same point when amphibians-only are mapped (Figure 4 ). In general, Molecular Distance Maps are in good agreement with classical phylogenetic trees at all scales of taxonomic comparisons, see Figure 5 with [26] , Figure 4 with [31] , and Figure 6 with [35] . Our approach may also provide supporting evidence for a DNA sequence-based classification for certain species where morphology-based taxonomy is uncertain. In addition, our approach may be able to weight in on conflicts between taxonomic classifications based on morphological traits and those based on more recent molecular data, as in the case of tarsiers (Figure 6 ), and protists (Figure 7) , as seen below.
Zooming in, we observed the relationships within an order, Primates, with its suborders (Figure 6) . Notably, two extinct species of the genus Homo are represented: Homo sapiens neanderthalensis and Homo sapiens ssp. Denisova. Primates can be classified into two groups, Haplorhini (dry-nosed primates comprising anthropoids and tarsiers) and Strepsirrhini (wet-nosed primates including lemurs and lorises). The map shows a clear separation of these suborders, with the top-left arm of the map in Figure 6 , comprising the Strepsirrhini. However, there are two Haplorhini placed in the Strepsirrhini cluster, namely Tarsius bancanus (#2978, Horsfield's tarsier) and Tarsius syrichta (#1381, Philippine tarsier). The phylogenetic placement of tarsiers within the order Primates has been controversial for over a century, [17] . According to [3] , mitochondrial DNA evidence places tarsiiformes as a sister group to Strepsirrhini, while in contrast, [30] places tarsiers within Happlorhini. In Figure 6 the tarsiers are located within the Strepsrrhini cluster, which may be due to the fact that they evolved independently for millions of years, [35] .
Finally, we applied our method to a group whose taxonomic classification has historically been challenging: Figure 7 depicts all protist species in the dataset whose taxon (as defined in the legend of the figure) contained more than one representative. The obvious outlier is Haemoproteus sp. jb1.JA27 (#1466), sequenced in [1] (see also [39] ), and listed as an unclassified organism in the NCBI taxonomy. Interestingly this outlier is in the same kingdom (Chromalveolata), superphylum (Alveolata), phylum (Apicomplexa), and class (Aconoidasida) as the two mtDNA sequences Babesia bovis T2Bo (#1935), and Theileria parva (#3173), that appear grouped with it. It therefore seems plausible that Molecular Distance Maps may shed light on the taxonomical ambiguity of Haemoproteus sp. jb1.JA27.
The DSSIM distances computed between all pairs of complete mtDNA sequences varied in range. The minimum distance was 0, between two pairs of identical mtDNA sequences. The first pair comprised the mtDNA of Rhinomugil nasutus (#98, shark mullet, length 16,974 bp) and Moolgarda cunnesius (#103, longarm mullet, length 16,974 bp). A base-to-base sequence comparison between these sequences (#98, NC_017897.1; #103, NC_017902.1) showed that the sequences were indeed identical. However, after completion of this work, the sequence for species #103 was updated to a new version (NC_017902.2), on 7 March, 2013, and is now different from the sequence for species #98 (NC_017897.1). The second pair comprises the mtDNA sequences #1033 and #1034 (length 16,623 bp), generated by crossing female Megalobrama amblycephala with male Xenocypris davidi leading to the creation of both diploid (#1033) and triploid (#1034) nuclear genomes, [16] , but identical mitochondrial genomes.
The maximum distance was found to be between Huperzia squarrosa (#118, rock tassel fern, length 413,530 bp) and Candida subhashii (#954, a yeast, length 29,795). Thus, the pair with the maximum distance ∆(#118, #954) = 0.9969 featured neither the longest mitochondrial sequence, belonging to Cucumas sativus (#533, cucumber, length 1,555,935 bp), nor the shortest mitochondrial sequence, belonging to Silene conica (#440, sand catchfly, a plant, length 288 bp).
An inspection of the distances between Homo sapiens sapiens and all the other primate mitochondrial genomes in the dataset showed that the minimum distance to Homo sapiens sapiens was ∆(#1321, #1720) = 0.109, the distance to Homo sapiens neanderthalensis (#1720, Neanderthal), with the second smallest distance to it being ∆(#1321, #1052) = 0.18, the distance to Homo sapiens ssp. Denisova (#1052, Denisovan). The third smallest distance was ∆(#1321, #3084) = 0.4655 to Pan troglodytes (#3084, chimp). Figure 8 shows the graph of the distances between the Homo sapiens sapiens mtDNA and each of the primate mitochondrial genomes. With no exceptions, this graph is in full agreement with established phylogenetic trees, [35] .
In addition to comparing real DNA sequences, our method can compare real DNA sequences to computer-generated sequences. As an example, we compared the mtDNA genome of Homo sapiens sapiens with one hundred artificial, computer-generated, DNA sequences of the same length and the same trinucleotide frequencies as the original. The average distance between these artificial sequences and the original human mitochondrial DNA is 0.9426. This indicates that all "human" artificial DNA sequences are more distant from the Homo sapiens sapiens mitochondrial genome than Drosophila melanogaster (#3120, fruit fly) mtDNA, with ∆(#3120, #1321) = 0.9313. This further implies that trinucleotide frequencies may not contain sufficient information to classify a genetic sequence, suggesting that Gold- man's claim [9] that "CGR gives no futher insight into the structure of the DNA sequence than is given by the dinucleotide and trinucleotide frequencies" may not hold in general.
The Stress-1 values for all but one of the Molecular Distance Maps in this paper were in the "acceptable" range [0, 0.2], with the highest value 0.19 in Figure 6 , where the dataset consisted of all primates' mtDNA sequences and the distances were all very small. The exception is Figure 7 with Stress-1 equal to 0.28. Note that Stress-1 generally decreases with an increase in dimensionality, from q = 2 to q = 3, 4, 5..., and that in [2] it is suggested that it is not always the case that only MDS representations with Stress-1 under 0.2 are acceptable, nor that all MDS representations with Stress-1 under 0.05 are good.
In all the calculations in this paper, we used the full mitochondrial sequences. However, since the length of a sequence can influence the brightness of its CGR and thus its Molecular Distance Map coordinates, further analysis is needed to elucidate the effect of sequence length on the positions of sequencerepresenting points in a Molecular Distance Map.
The choice of length of DNA sequences used may ultimately depend on the particular dataset and particular application.
Conclusions
Molecular Distance Maps combine three methods (CGR/DSSIM/MDS) to measure distances between any DNA sequences (real or computer-generated) of a given dataset, and visually display their interrelationships. Applications of Molecular Distance Maps include clarification of taxonomic dilemmas, taxonomic classifications, species identification, studies of evolutionary history, as well as possible quantitative definitions of the notions of species and other taxa.
Possible extensions include generalizations of CGR images to three-dimensional CGR images mapped using a regular tetrahedron, as well as MDS generalizations to three-dimensional Molecular Distance Maps for improved accuracy. We note also that this method can be applied to analyzing sequences over other alphabets. For example binary sequences could be imaged using a square or a tetrahedron with vertices labelled 00, 01, 10, 11, and then DSSIM and MDS could be employed to compare and map them. Lastly, we note that the use of the particular image distance measure (DSSIM) or particular scaling technique (classical MDS) does not mean that these are the best choices in all cases, and other image distance measures as well as refinements of classical MDS may be explored for optimal results. 
